Syndrome of the month
Defects in the determination of left-right asymmetry Miranda Penman Splitt, John Burn, Judith Goodship Left and right in the embryo is automatically defined by the formation of the anteroposterior and dorsoventral axes. In an asymmetrical organism, specification of the left-right axis must incorporate two distinct processes, the generation of asymmetry and its orientation or handedness. The orientation of the heart and abdominal organs in vertebrates is non-random and highly conserved both across and within species.' Reversal of orientation may occur without concomitant defects in the generation of asymmetry. However, failure to generate asymmetry is almost always combined with abnormal orientation. The first overt breaking of symmetry across the midline of the embryo occurs when the primitive heart tube loops to the right but subtle asymmetries are evident as early as the primitive streak stage.2 A spectrum of malformations, ranging from complete reversed situs to complete failure to establish asymmetry, is seen in man and it is likely that their aetiology and genetic basis will turn out to be extremely heterogeneous. Nevertheless, genetic animal models indicate that a spectrum of lateralisation defects can be produced by a single defective gene. In man most cases of disturbed laterality are sporadic but there are several well recognised syndromes which occur in families.
The usual orientation of the heart and abdominal organs is known as situs solitus. Situs inversus refers to a perfect reversal of situs solitus with a left heart loop. Any arrangement other than situs solitus or situs inversus, that is, random orientation of different organs, is known as heterotaxy or situs ambiguus. The estimated prevalence of complete situs inversus is around 1 in 10 OOO.3 An increased incidence of parental consanguinity has been found, sug Double outlet right ventricle 7 47 Pulmonary stenosis/atresia 48 78 The Patients with right isomerism sequence almost always have asplenia. The converse, that asplenia is usually accompanied by right isomerism, is also true. Anderson et al" found no instances of complete absence of the spleen without evidence of isomerism of the atrial appendages in a survey of 1042 necropsies. Rarely, patients with right isomerism sequence have between one and four non-uniform spleens.20 Antibiotic prophylaxis and pneumococcal vaccination should be standard management in patients with asplenia. Left isomerism sequence is usually accompanied by the presence of multiple (more than six) uniformly sized spleens or spleniculi but patients with smaller numbers of non-uniform spleens are also found.20 Unlike asplenia, polysplenia is found just as frequently without isomerism, either with a normal heart or an isolated heart lesion. 22 The association of polysplenia with biliary atresia, absent gall bladder, and intestinal malrotation is well recognised.2324 Martinez-Frias et a122 also found positive associations between polysplenia and diaphragmatic hernia, cleft lip, hemivertebrae, and agenesis of the corpus callosum.
Intestinal rotation and fixation abnormalities (IRFA) are common: four patients (14%) in a series of 28 required emergency surgery for intestinal obstruction. 25 The authors put the case for routine GI imaging and elective Ladd procedure in cases of isomerism sequence. Hiatus hernia is also a common complication.26 Other GI anomalies rarely associated with isomerism sequence include anal stenosis, tracheo-oesophageal fistula,2' and annular or short pancreas.2027 Anomalies in all other systems are found not uncommonly but are individually rare." 28 Phoon and Neill2" found genitourinary defects in 11% of patients with asplenia sequence, the most common being horseshoe kidney and renal hypoplasia.28 In the same study 8% had musculoskeletal defects, most commonly accessory digits and scoliosis, 6% facial defects, and 7% CNS defects. In a review of midline anomalies in 166 patients with isomerism sequence, males accounted for all those cases with imperforate anus and CNS involvement and over 80% of those with genitourinary and vertebral anomalies29 (see section on X linked laterality disturbance).
Bronchial 
Mouse models
The best evidence that complete situs inversus, heterotaxy, and isomerism sequence may have the same genetic basis comes from two mouse models: a spontaneous mutant inversus viscerum (iV)33 and an insertional transgenic mutant inversion of embryo turning (inv).
Broadly speaking, situs is random in homozygote iv/iv animals, 50% having situs solitus and 50% situs inversus. Heterozygotes are entirely normal. However, more detailed analysis shows that around 30% of adults have abnormal spleens and venous abnormalities analogous to those commonly found associated with heterotaxy in humans. ' 
Cytogenetic abnormalities There are two reports of patients with isomerism sequence and split hand/split foot syndrome associated with apparently balanced chromosomal rearrangements with breakpoints at 7q22.139 Wilson et 
Maternallenvironmental factors
The non-obese diabetic (NOD) mouse is an animal model for insulin dependent diabetes mellitus. Fifty percent offetuses born to females who were hyperglycaemic and polyuric by early pregnancy were found to have right isomerism sequence. 43 In man, the association of laterality defects with maternal insulin dependent diabetes is not well recognised. However, in a study from Guy's Hospital, seven out of 102 mothers who had had one child with isomerism sequence were insulin dependent diabetics (R Yates, personal communication). This is an interesting association given the well known association of caudal regression syndrome with maternal diabetes. Caudal regression is the result of defective development of the posterior notochord. 44 In Xenopus curtailment of development of dorsal anterior tissue including notochord causes randomisation of heart looping.45 Thus the primary problem leading to both laterality defects and caudal regression in the fetuses of diabetic mothers seems to be aberrant development of dorsoanterior midline structures, in particular the notochord.
The earliest investigations of left-right asymmetry relate to twinning. In 1919, Spemann and Falkenberg produced conjoined twins in newts by mechanical constriction of the embryo.' They found that while the left twin developed normally the right twin had situs inversus in 50% of cases. This experiment is duplicated very nicely by the observation that in human conjoined twins where the conjunction is lateral or oblique the right twin often has abnormal asymmetry, situs inversus, heterotaxy, or isomerism. 46 It is likely that the same epigenetic mechanism accounts for the occurrence of isomerism sequence as a discordant trait in monozygous twins. 47 Indeed, the effect of twinning on the development of left-right asymmetry may be an important factor contributing to the increased incidence of congenital heart defects in monozygous twins.48 X linked laterality sequence The only locus for heterotaxy to be mapped so far (HTX) is on the X chromosome at Xq24-q27. 1. 49 This gene was mapped in a large family where affected males had various cardiac malformations and alterations of visceral situs. In addition, four of the 11 affected males had midline malformations including sacral agenesis, posteriorly placed anus, rectal stenosis, meningomyelocele, cerebellar hypoplasia, and arhinencephaly. The presence of a midline malformation in a male with heterotaxy is highly suggestive of X linked laterality sequence.50 Uterine septa and hypertelorism have been reported as manifestations in carrier females in one family,5' and in a second family with apparently X linked laterality sequence52 females had asymtomatic situs inversus and imperforate anus.
Recessive genes The best evidence for an important recessive gene is the high incidence of consanguinity in the parents of affected subjects3' 5 53-`and the 10 fold increased incidence ofthe disorder in an inbred population."' However, the segregation ratio in this population is lower than would be expected for a recessive disorder (0-09) and is very similar to that found by Rose et al'4 in their series of Canadian patients. Of course, low penetrance, as in the iv/iv mouse, could account for this but another possibility is that the disease is controlled by two epistatic genes one of which is a rare recessive. Family studies in humans are hampered by lack of large sibships; however there are three reports of large families where laterality sequence appears to be recessive and shows an intrafamilial variability similar to the iv/iv mouse.535657 Isolated sib pairs one of whom has isomerism sequence and the other an isolated heart lesion are not uncommon. form of inheritance is autosomal dominant. 66 There are several instances of non-penetrance in obligate gene carriers and expression in affected subjects is variable. This highlights the importance of careful pedigree taking in families with an affected child and also suggests that parents should be investigated routinely for evidence of situs inversus. It is possible that some isolated sib pairs will turn out to be the result of germinal mosaicism of new dominant mutations.
Recurrence risks (fig 2)
In his mass screening of the Norwegian population, Torgersen3 found recurrence of situs inversus in sibs in less than 1 % of cases. Interestingly, affected subjects in four of the five families he discovered also had bronchiectasis and nasal polyps suggesting that ciliary dyskinesia accounts for the majority of familial cases of complete situs inversus (see later). An empirical recurrence risk for isomerism sequence of just under 10% was estimated from a prospective series of over 1000 mothers who were referred for echocardiography because of a previously 'affected child with congenital heart disease.67
One case of isomerism sequence was detected where the index case had a secundum ASD. This is higher than the risk of around 5% estimated in retrospective studies.'415 With improved treatment more children with complex heart lesions are surviving to reproductive age. At present there are no reliable data available from which to estimate recurrence risks in offspring.
Laterality defects with abnormal cilia: primary ciliary dyskinesia About a quarter of patients with complete situs inversus have primary ciliary dyskinesia (PCD)
(1 in 30000-40000). These patients were ori- 
